Stomatal properties of fossil Ginkgo have been used widely to infer the atmospheric concentration of CO 2 in the geological past (paleo-pCO 2 ). Many of these estimates of paleo-pCO 2 have relied on the inverse correlation between pCO 2 and stomatal index (SI -the proportion of epidermal cells that are stomata) observed in recent Ginkgo biloba, and therefore depend on the accuracy of this relationship. The SI-pCO 2 relationship in G. biloba has not been well documented, however. Here we present new measurements of SI for leaves of G. biloba that grew under pCO 2 from 290 to 430 ppm. We prepared and imaged all specimens using a consistent procedure and photo-documented each count. As in prior studies, we found a significant inverse relationship between SI and pCO 2 , however, the relationship is more linear, has a shallower slope, and a lower correlation coefficient than previously reported. We examined leaves of G. biloba grown under pCO 2 of 1500 ppm, but found they had highly variable SI and a large proportion of malformed stomata. We also measured stomatal dimensions, stomatal density, and the carbon isotope composition of G. biloba leaves in order to test a mechanistic model for inferring pCO 2 . This model overestimated observed pCO 2 , performing less well than the SI method between 290 and 430 ppm. We used our revised SI-pCO 2 response curve, and new observations of selected fossils, to estimate late Cretaceous and Cenozoic pCO 2 from fossil Ginkgo adiantoides. All but one of the new estimates is below 800 ppm, and together they show little long-term change in pCO 2 or relation to global temperature. The low Paleogene pCO 2 levels indicated by the Ginkgo SI proxy are not consistent with the high pCO 2 inferred by some climate and carbon cycle models. We cannot currently resolve the discrepancy, but greater agreement between proxy data and models may come from a better understanding of the stomatal response of G. biloba to elevated pCO 2 , better counts and measurements of fossil Ginkgo, or models that can simulate greenhouse climates at lower pCO 2 .
Introduction
Reconstructing the relationship between atmospheric composition and global climate remains a fundamental problem in earth science and a matter of pressing societal concern as well. For most of the last 200 million years, Earth's climate has been much warmer than at present. This is widely thought to result from higher than present concentrations of CO 2 in the atmosphere (pCO 2 ), but proxies for pCO 2 prior to ice-core records (ca. 800 ka) produce a large range of estimates, particularly before the Miocene (Beerling and Royer, 2011) .
Stomatal frequency in fossil plants has been used widely to infer ancient pCO 2 , usually by reference to a correlation established in recent plants (Woodward, 1987) . In this approach, stomatal in-* Corresponding author.
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dex (SI -the proportion of epidermal cells that are stomatal complexes) or stomatal density (SD ab -the number of stomata per unit area of abaxial leaf surface) is measured on leaves that grew under a range of pCO 2 , and the correlation curve of SI or SD ab with pCO 2 is then used to estimate ancient pCO 2 from the stomatal frequency of fossil leaves (Van der Burgh et al., 1993) . Underlying this method is the tradeoff between water loss and CO 2 uptake that applies to all photosynthetic land plants -under higher pCO 2 many plants reduce stomatal frequency, thus reducing water loss but still acquiring enough CO 2 to photosynthesize at the same rate (Woodward, 1987) . This response has been shown in individual long-lived plants (Wagner et al., 1996) , within species (Van der Burgh et al., 1993) , and in whole forests (Beerling and Kelly, 1997) during the anthropogenic rise in pCO 2 . SD ab varies more than SI on individual plants (Chen et al., 2001) because it is area-dependent and therefore susceptible to environmental factors that influence epidermal cell expansion (Kürschner et al., 1996) .
The SI method has been tested by comparing pCO 2 estimates made from SI of Quaternary fossils with measurements of pCO 2 in coeval ice-core bubbles (van de Water et al., 1994; Wagner et al., 1999; Rundgren and Bennike, 2002) . Agreement is generally good (Steinthorsdottir et al., 2013) , though SI estimates fluctuate more than ice-core measurements, possibly because of different amounts of time-averaging (van Hoof et al., 2005) .
Many estimates of pCO 2 for the Late Cretaceous and Cenozoic rely on the relationship between SI and pCO 2 in extant Ginkgo biloba, though images and raw data documenting the correlation have not been published (Retallack, 2001; Royer et al., 2001) and original specimens are not available (Beerling, pers. comm., 2014) . G. biloba is especially useful for reconstructing Late Cretaceous and Cenozoic pCO 2 because the common fossil species Ginkgo adiantoides is morphologically and ecologically very similar to extant G. biloba (Tralau, 1968; , justifying the assumption that the two species have the same response to changing pCO 2 . G. biloba has also been used in developing mechanistic biophysical models of leaf diffusivity that are used to estimate the pCO 2 of the atmosphere from anatomical features of stomata and the carbon isotope composition of the leaf (Grein et al., 2011; Franks et al., 2014; Roth-Nebelsick et al., 2014) .
The work we present here is directed at improving the methods by which SI is studied and documented in Ginkgo, and at testing the accuracy and precision of pCO 2 estimates made using response curves and a mechanistic model. We also recalculate Late Cretaceous and Cenozoic pCO 2 estimates using our revised SI response curve for Ginkgo and a small number of new observations of fossils. Although other fossil ginkgoaleans have been used to estimate pCO 2 during the earlier Mesozoic, we did not treat these in our study because these older species are anatomically and morphologically distinct from G. biloba, which makes the assumption that they share the same SI response curve more tenuous.
Materials and methods

Sample collection
Leaf specimens from historical collections of G. biloba were sampled from 29 herbarium sheets (Table 1) at the National Arboretum Herbarium and the Herbarium of the National Museum of Natural History. To reduce sampling impact on herbarium sheets we sliced a 1/2 cm square from the distal leaf center (no margin), taking replicates where material allowed.
Leaves were also collected from living G. biloba trees (Table 1) , one outdoors at Blandy Experimental Farm (Virginia) and one on the grounds of the Library of Congress (facing 2nd Street SE) in Washington, D.C. We collected five leaves each from short shoots on branches of mature male trees at ∼2 m height on the unshaded south side. Leaves were placed directly into envelopes and air dried. To study variability in stomatal frequency within leaves we sampled five leaves from a single short shoot of the tree on the Library of Congress grounds in four equivalent locations: distal on the right lobe, midline below the sinus, central on the right side, and basal on the leaf (20 samples total). Finally, we sampled six plants from the CO 2 experiment of Haworth et al. (2013) , three each from the control and elevated treatments (2 leaves per plant; 12 total; Table 1 ).
Cuticle preparation, imaging, and measurement
All G. biloba cuticle was prepared using the same method. Dried leaves were macerated using a three-step chemical process to separate upper from lower cuticle. Samples were placed in glass vials filled with DI water, and soaked for 24 h. DI water was replaced with HCl (5% v/v) for 48 h. Samples were neutralized and placed into 20 mL of aqueous hexavalent chromium [1 g Cr(VI)O 3 per 4 mL water].
Cuticle pieces were mounted on 12 mm SEM stubs with the internal side facing upwards, then air dried on ultra-smooth carbon adhesive tabs. Uncoated specimens were imaged at 32 Pa in a Carl Zeiss EVO-MA15 environmental SEM at the National Museum of Natural History (NMNH, Smithsonian) in Washington D.C. The voltage target was 15 kV, with an ion probe at 900 pA, and a working distance of 8-10 mm. We used only the top two backscatter detectors to create shadows and highlight micro-topography. Seven random interveinal areas on the lower cuticle of each specimen were imaged at ×200, where the preparations were clean and epidermal cell outlines distinct. Images were captured as .TIFs (3 min cycle, typically 3072 × 2454 pixels).
All epidermal cell counts and measurements were conducted on SEM images using ImageJ (ver. 1.47v), including stomatal density (SD ab : number of stomata per mm 2 ), SI, and stomatal dimensions (pore length = Gcl ab ; stomatal apparatus width = 2 × Gcw). All counts were within 300 × 300 micron areas, avoiding veins.
For SD ab and SI counts, the ImageJ cell-counter plugin was used to document and annotate counts within .xml files, which can be reloaded and modified in ImageJ. The final counted image was saved as a .JPEG. Stomata and cells that intersected any part of the 300 × 300 μm box were counted as 'in', which is the procedure required by the total diffusivity methodology (Franks et al., 2014) . G. biloba has anomocytic stomatal complexes (no differentiation of subsidiary cells), so all epidermal cells (except guard cells) were used to calculate SI, which was the procedure used to create previous calibration curves (Royer, pers. comm., 2014) . Gcl ab and Gcw were required for estimating pCO 2 using the total diffusivity model. Images were calibrated within ImageJ using the SEM scale bar. Measurements were made on all stomata for which pore length and guard cell width were completely visible. Images of measurements (with count-labels) were saved as .JPEGs. The width of both guard cells (outer edge to outer edge) was measured perpendicular to the axis of pore length.
Determination of pCO 2
Observed pCO 2 was determined by different methods for different plants. For herbarium specimens collected before 1959, pCO 2 was assigned the global average estimated from ice-core bubbles (Neftel et al., 1985; Friedli et al., 1986) . For herbarium specimens collected after 1959 and for leaves collected from living trees at Blandy, we used annual global average pCO 2 measured at Mauna Loa (Keeling et al., 2005) . For leaves sampled from trees growing outside in Washington D.C., we measured pCO 2 at 5-min intervals during 2013 and 2014 at NMNH. The 2-yr mean was 430 ppm (Fig. S1 ). We used the pCO 2 values reported in Haworth et al. (2013) for growth chamber material. The paleo-elevation of the Eocene Falkland Site was estimated at 1300 m (Smith et al., 2010) , but all other data are from close to sea level, so the pCO 2 from this site was corrected to sea-level using the methodology of Kürschner et al. (2008) .
Isotopic measurements
Carbon isotope values were determined from 0.2 to 0.3 mg of cleaned but otherwise untreated leaves. Isotope ratios were measured using a Costech ECS 4010 combustion EA connected via continuous flow through a Thermo Conflo IV to a Thermo Delta-V-Advantage IRMS, at the Museum Conservation Institute (Smithsonian) . All calculations of raw isotope values were performed with Isodat 2.8 software, corrected using calibrated acetanilide (Costech) and urea (UIN31) standards, both calibrated to USGS40 and USGS41 (L-glutamic acids). Runs included 10 standards per 
Numerical analyses
We estimated pCO 2 from stomatal features using three different methods: the total diffusivity model of Franks et al. (2014) ; linear and curvilinear regression with SI as the predictor; and multiple regression using four predictor variables: mean SD ab (equals D ab used by Franks et al., 2014) , leaf carbon isotope discrimination ( 13 C leaf ), mean Gcl ab , and mean Gcw ab . All statistical analyses were conducted using the R base package (v.2.15.3; R core team, 2013) . Simple and multiple linear regression analyses were conducted using the lm command; the power-curve was fit to data using the nls command; the aov command was used to conduct a repeated measures ANOVA in the test of SI variability within individual leaves.
To apply the total diffusivity model of Franks et al. (2014) we used the R script they provided to calculate pCO 2 from our stomatal measurements. There were 13 variables in the total diffusivity model. Following procedure, we measured SD ab , 13 C leaf , Gcl ab , and Gcw ab for this study. Nine other variables were used in the model. Fortunately, values for the variables in G. biloba were provided by Franks et al. (2014) . To facilitate comparison with the model variables of Franks et al. (2014) , we use their abbreviations, with the standard mean error in parentheses: 1) pCO 2 : CO2_O = 390 ppm (0); 2) photosynthetic rate at CO2_0: A 0 = 5.85 (0.09);
3) boundary layer conductance to CO 2 : g b = 2 (0.1); 4) ratio of guard cell length to pore length (alpha): s1 = 1 (0); 5) ratio of single guard cell width to pore depth: s2 = 1 (0.05); 6) scaling from pore length to maximum area of stomatal pore (beta): s3 = 0.6 (0.025); 7) scaling from maximum conductance to CO 2 (g cmax ) to operational conductance to CO 2 (zeta): s4 = 0.21 (0.01); 8) scaling from photosynthetic rate to mesophyll conductance to CO 2 : s5 = 0.013 (0.00065). 9) The carbon isotope composition of the atmosphere (δ 13 C a ) for each specimen is based upon the year collected (Friedli et al., 1986; Keeling et al., 2005 ; Table 2 ). Following Franks et al. (2014) , we assigned zero error to δ 13 C a .
Results
Preparation of Ginkgo cuticle
We tried several techniques for preparing G. biloba leaves in order to count stomata and measure epidermal features, including epifluorescence microscopy as described by Royer et al. (2001) . We found it difficult to distinguish epidermal cells under epifluorescent light because cell borders were indistinct or obscured by papillae; even stomata were difficult to recognize. Using different light filters did not change this result. Representative images of cuticles prepared using several techniques are shown in Fig. 1 .
Chemical maceration followed by SEM (see Section 2) produced by far the clearest cell outlines, so all counts and measurements for this study were made on specimens prepared using this technique (Fig. 2) . Unaltered images, and images documenting all counts and measurements made for this study are available at the Cuticle Database (http :/ /cuticledb .eesi .psu .edu/; Barclay et al., 2007 Barclay et al., , 2012 .
Variability in stomatal counts
Individual stomatal counts and measurements made from every leaf image are provided in Tables S1-S3. Six of the herbarium sheets studied by Royer et al. (2001) were resampled from a different leaf and counted for this study (gray symbols in Fig. 3 ; Table 3 ). Royer found a higher SI than we did for all six specimens (mean difference 1.4, σ = 1.1), and the discrepancy was larger at higher SI values (r 2 = 0.87; p < 0.001).
To test if leaf region has a significant effect on SI in G. biloba leaves we conducted a one-way repeated measures ANOVA with the four defined leaf regions as the independent variable and SI counts of 140 fields of view (seven fields in each of four regions on each of five leaves) as the dependent variable. We found no significant effect of leaf region [F = 0.6 (1,4 d.f.); p = 0.495], suggesting that SI is homogeneous across leaves of G. biloba.
Stomatal index response curve
The SI counts from our preparations of G. biloba leaves are strongly and inversely correlated with pCO 2 (Fig. 3) . Linear regression of SI on pCO 2 is highly significant [r Most of the trees used in this study grew within 160 km of Washington, D.C., however there are collections from California, Chicago, and Boston (3900 km, 990 km, 630 km away, respectively), which have different climates. If these samples are removed, the fit improves for both the linear regression (r 2 = 0.67, n = 34) and the power-curve (r 2 = 0.70, n = 34). The inverse correlation between SD ab and pCO 2 in the full dataset (n = 39) is also highly significant (p = 1.28 × 10 −7 ; Fig. S2 ), but has a lower correlation coefficient than for SI (power: r 2 = 0.57), and even lower for a linear regression (linear: r 2 = 0.53).
Prediction of pCO 2
We examined the ability of three methods to predict pCO 2 from stomatal features: the two univariate statistical models described above that use SI as the predictor, a multiple regression model with four predictor variables, and the total diffusivity model of Franks et al. (2014) . For the three statistical models we inverted the regressions (whole dataset; n = 39) and considered The average absolute value of the residuals is 22.2 ppm for the linear regression and 21.2 ppm for the power-curve regression (Fig. 4) . The average residual error for the multiple regression is 21.4 ppm. The residuals for the simple and multiple linear regressions trend slightly positive with increasing pCO 2 ; those for the power-curve do not have a trend (Fig. 4) .
In comparison to the statistical models, the total diffusivity model (Franks et al., 2014 ) has a larger error and is consistently biased toward over-estimating pCO 2 . The average predictedobserved value is 108.8 ± 79.5 ppm. The model also has a strong tendency to over-predict pCO 2 more at lower observed levels of pCO 2 . The model produced a single under-estimate, with a calculated pCO 2 of 392.5 ppm for an observed level of 430 ppm.
Observations on G. biloba grown in chambers
As part of this study we counted SI on 12 leaves grown for an experiment by Haworth et al. (2013;  Fig. 5 ). We also show the mean values reported by Haworth et al. (2013) for the same plants, and other SI values from previous studies of G. biloba grown in chambers ( Fig. 5 ; Beerling et al., 1998; Royer et al., 2001) . Our data show high variability in SI for G. biloba grown under both 380 and 1500 ppm pCO 2 , with counts spanning nearly the entire range of SI values observed in plants grown outdoors (Fig. 3) . The mean SI value for the six leaves grown at 380 ppm is 9.29 ± 1.9, substantially smaller than the mean of 12.4 ± 2.7 reported by Haworth et al. (2013) . The mean for the six leaves at 1500 ppm is 10.47 ± 2.0, compared with 10.3 ± 1.9
reported by Haworth et al. (2013) . Relying on both new and previously published observations there is a decline in SI from ∼9 to ∼7 as pCO 2 increases from 380 to 800 ppm, with a single conspicuous outlier among Haworth et al.'s leaves grown at 380 ppm. Our counts of Haworth et al.'s leaves grown at 1500 ppm pCO 2 show that mean SI increases at very high pCO 2 , but these leaves have highly variable SI counts (Fig. 5) , and also have highly variable and abnormal stomatal anatomy (see below).
In the course of making counts for SI, we observed anatomical differences in stomatal features between field-grown trees and chamber-grown plants. A normally developed stomatal apparatus of G. biloba has a pair of guard cells symmetrically arranged around a stomatal pore clearly visible as a slit-like opening (Fig. 6a,  Fig. 6b ). When viewed from the leaf's interior, guard cells that developed normally are three-dimensional, elongated ellipses, rising above the epidermal pavement. Fully-developed stomatal pores have four ridges (two per guard cell) extending outward from the end of the stomatal pore in a half-moon-arc (Fig. 6a.1, Fig. 6a.2) . Less well-developed stomatal complexes may have guard cells that are flattened (Fig. 6e.1, Fig. 6e.2, Fig. 6f.1) , asymmetrical, or are small and less distinct in shape (Fig. 6c.2, Fig. 6d.2) . More significant abnormalities that would affect the functionality of the stomatal complex include stomatal pores that possibly couldn't function ( Fig. 6e.2, Fig. 6f.2) , or are holes lacking guard cells (Fig. 6e.3, Fig. 6f.3) . The frequency of abnormal stomatal complexes is higher in experimentally grown plants than in field-grown trees (Fig. S3) . Leaves from field-grown trees at Blandy (395 ppm) have 15% abnormal stomatal complexes. Chamber-grown plants have either 35% (380 ppm) or 45% (1500 ppm) abnormal stomatal complexes. The difference between the specimens from Blandy and those grown at 1500 ppm is significant (p = 0.03, two-tailed t-test).
Discussion
Recommendations for observing Ginkgo cuticle and measuring SI
We suggest three basic improvements for studying SI and other stomatal features in G. biloba. First, the conceptually simple act of counting stomata and epidermal cells in order to calculate SI and SD ab turns out to be difficult in practice. G. biloba has thin cuticle making it hard to prepare, and the ubiquitous papillae on the external surface of the lower cuticle make it difficult to distinguish the borders between adjacent epidermal cells. Smith et al. (2010) demonstrated that different preparation techniques on G. biloba could influence the SI counts, with acetate peels always producing lower values than macerated cuticle. Chen et al. (2001) found acetate peels of herbarium specimens inadequate for counting SI because outlines of epidermal cells were indistinct. Though nondestructive, neither acetate-peels, nor epifluorescence microscopy produce replicable results, as evidenced by our counts of specimens used by . Cell counts of G. biloba should be conducted on images that clearly show cell borders, which presently means chemically macerating specimens.
Second, previous studies that produced calibration curves for G. biloba did not photographically document stomatal counts and measurements (Beerling et al., 1998; , nor were specimens retained. This important documentation has been done, at least in part, by some authors (Chen et al., 2001; Denk and Velitzelos, 2002; Quan et al., 2009; Bonis et al., 2010; Steinthorsdottir et al., 2011; Mays et al., 2015) , though even in some recent papers raw count data were not reported and counted images were not archived (Mays et al., 2015) . This makes it difficult to compare observations among investigators, which must be similar in order to use existing response curves and models.
Third, counting and measuring procedures must be standardized. All total diffusivity models use SD ab , yet some follow the practice of Poole and Kürschner (1999) in which stomata and epidermal cells are counted only if they contact the left and upper sides of the counting box (Roth-Nebelsick et al., 2014), while others count any stoma or cell that enters the counting box (Franks et al., 2014) . This can greatly affect SD ab values (Poole and Kürschner, 1999) , but the procedure is not always explicitly Fig. 3 . Relationship between pCO 2 and stomatal index in Ginkgo biloba. Each symbol denotes the mean SI value for a single leaf. Diamonds -this study; gray fill -leaves from herbarium sheets sampled by and recounted for this study; black fill -new samples from herbaria and living trees. Circles -data from ; gray fill -leaves recounted for this study; white fill -leaves not recounted for this study. See Table 3 for comparison of our counts with those of . Triangles -data from plants grown in chambers . Error bars for are not shown but were slightly larger than the symbols. Dashed lines -linear regressions through our data set and the herbarium data set of . Thick lines -power-curve regressions through our data set and the entire Royer (2003) stated. Clearly, counting procedures must be the same for fossils and recent G. biloba if the response curve is to be used to estimate paleo-pCO 2 .
Total diffusivity model
In the last few years a number of authors have developed total diffusivity models with the purpose of reconstructing paleo-pCO 2 from epidermal features without the need to construct a response curve (Grein et al., 2011; Franks et al., 2014; Roth-Nebelsick et al., 2014) . Total diffusivity models are conceptually superior to the SI method because they use general physical and physiological properties of photosynthesis rather than relying on the specific relationship between pCO 2 and SI seen in an extant species, which may or may not accurately reflect the behavior of related extinct species.
The total diffusivity model recently described by Franks et al. (2014) reconstructs the pCO 2 of the atmosphere from the CO 2 assimilation rate of the leaf, the total conductance of CO 2 from the atmosphere to photosynthetic sites, and the ratio of CO 2 concentration inside the leaf to CO 2 concentration in the atmosphere. The total diffusivity of the leaf epidermis is calculated from measurements of stomatal density, pore length, and pore depth. The water use efficiency of the plant is estimated from its leaf-level carbon isotope discrimination.
When applied to our G. biloba sample set, the total diffusivity model produced a mean error about five times larger (mean predicted-observed value of ±109 ppm or ∼30% of the estimate) than the regression models using SI and other stomatal measurements. Further, all but one of the pCO 2 estimates from the total diffusivity model was too high, and there is a strong pattern of increasing error with lower pCO 2 . Thus, the total diffusivity model was less accurate and less precise than the statistical models in predicting pCO 2 . The multiple regression analysis, which Table 3 pCO 2 estimates made using the power curve regression of SI against pCO 2 described in the text, and the total diffusivity model of Franks et al. (2014) . For the six specimens used for this study and by Royer et al. (2001) counts were made from the same herbarium sheet, but not from the same leaf. Observed pCO 2 values come from sources identified in the text (also see Fig. S1 uses the same four variables we measured for the total diffusion model, produced pCO 2 estimates with far less error (mean residual ±21.4 ppm or 6% of the estimate) and with less systematic bias. This suggests that there is information about pCO 2 in some of the variables used in the total diffusivity model (SD ab and Gcw ab ), but that other variables, or the relationships among them stipulated in the model, are obscuring this information. We directly measured four of the required variables on our G. biloba samples: Gcl ab , Gcw ab , SD ab , and 13 C leaf . For the other required variables, we used the same values used by Franks et al. (2014) for photosynthetic rate ( A 0 ), boundary layer conductance (g b ), scaling of maximum conductance to CO 2 (g cop ), and scaling from photosynthetic rate to mesophyll conductance to CO 2 (g m ). It could be that better estimates of these variables for living G. biloba would improve the ability of the total diffusivity model to estimate pCO 2 .
New stomatal index response curve for Ginkgo biloba
Until further improvements are made to total diffusivity models, it appears that stomatal index remains the best available proxy for estimating paleo-pCO 2 , and it has also been widely applied.
With the addition of the data presented here, there are now three separate curves representing the response of G. biloba SI to changes in pCO 2 . The response curve presented by Retallack (2001) is based on 8 data points from the historical anthropogenic rise in pCO 2 , with one additional point at higher than ambient pCO 2 derived from an experiment by Beerling et al. (1998) . This curve of Retallack (2001) has not been widely used in subsequent papers reconstructing paleo-pCO 2 so we do not discuss it further.
The response curve published by Royer et al. (2001) has, in contrast, been applied widely in estimating paleo-pCO 2 and has been modified in subsequent publications (Wynn, 2003; Beerling et al., 2009 ). This curve has been used by 48 publications either Haworth et al. (2013) . Two leaves were counted for each of three plants grown under 380 ppm and 1500 ppm pCO 2 . Error bars are 1σ . Crosses -mean stomatal index values for other leaves from the same plants reported by Haworth et al. (2013) . Triangles -mean values for chamber-grown plants from . Original error bars (s.e.m.) were about the size of the symbols.
to estimate paleo-pCO 2 from fossil Ginkgo (or related taxa) or by authors comparing estimates from other proxies with those made using G. biloba. These 48 publications have received 3377 citations (Google Scholar, accessed 10th Jan. 2015), a strong indicator of how significantly the G. biloba calibration of Royer et al. (2001) has affected our understanding of paleo-pCO 2 . Most of the data for this curve came from herbarium leaves that were collected between 1856 and 2000 (39 specimens; pCO 2 range 288-369 ppm), but leaves of experimental plants (Beerling et al., 1998; were used to determine the response of SI to pCO 2 above 369 ppm (Fig. 3, triangles) . Royer et al. (2001) used a power function to describe the combined data set (Wynn, 2003) , but the portion of the curve measured on herbarium leaves alone is quite linear, with a steep slope (−0.07), and a high correlation coefficient ( Fig. 3 ; r 2 = 0.98). The overall response curve inflects sharply at ∼380 ppm, which corresponds to the shift from herbarium leaves (studied with epifluorescent illumination) to those grown under experimental conditions (chemically macerated). The original G. biloba response curve was reinterpreted in many later publications using new statistical approaches (Beerling et al., 2009) , but the primary SI data set from G. biloba remained unmodified.
Our data set includes leaves from six herbarium sheets originally sampled for the response curve of Royer et al. (2001) . In all cases, our counts were lower than the original counts and the magnitude of the difference increased with increasing SI (Table 3) . Miscounting stomata is unlikely because they are quite distinctive, and the discrepancy is also unlikely to result from heterogeneity in SI within leaves, since we have shown this is insignificant. We suggest that the difference between Royer's counts and ours reflects the difficulty of differentiating and counting epidermal cells using epifluorescence. Missing some epidermal cell borders would increase SI values and the effect would be greater with higher SI values.
The SI response curve generated from our data has greater scatter and a much shallower slope between 280 and 380 ppm than that described by Royer et al. (2001) . The addition of data from leaves from outdoor trees grown under pCO 2 of 430 ppm continues the more linear trend we observe at lower pCO 2 (Fig. 3) . The strength of the correlation we observed in G. biloba is similar to SI calibration datasets established for other species of gymnosperms (Kouwenberg et al., 2003) and angiosperms (Wagner et al., 1999; Kürschner et al., 2008) .
The new G. biloba calibration has a shallow slope (−0.011 in a linear model) compared with other species. The only other comparably shallow slope for a calibration dataset is from Hypdaphnis zenkeri (Barclay et al., 2010) , the basal taxon of the Lauraceae family, with a slope of −0.025. The typical range of slopes for angiosperm species is between −0.055 and −0.065 (Wagner et al., 1996 Kürschner et al., 2008) . The slope of a linear fit to the herbarium specimens of G. biloba sampled by Royer et al. (2001) is −0.070, steeper than observed in any other species.
The shallow slope we observe in the SI response curve of G. biloba may relate to several unusual features of Ginkgo. Unlike most extant gymnosperms, which have stomata in rows, G. biloba has stomata that are randomly dispersed between parallel veins. This makes the SI of Ginkgo hard to compare with other gymnosperms, whose SI is calculated from the number of stomata per unit of needle length rather than the number per epidermal cell (McElwain et al., 2002; Kouwenberg et al., 2003) . The shallow slope in G. biloba could also reflect the evolution of its lineage during the extended period of high pCO 2 in the late Mesozoic and early Cenozoic and the small amount of morphological change that has occurred since. Finally, G. biloba exerts only passive metabolic stomatal control; guard cell turgor reflects plant water status (Brodribb and McAdam, 2011) . The inability of G. biloba to control stomatal aperture size through active ion transport in the guard cells (Brodribb and McAdam, 2011) may mean it can only respond to changes in pCO 2 through changes in SI.
SI response in Ginkgo biloba above 430 ppm pCO 2
The response of SI to pCO 2 above 430 ppm is most important for inferring pCO 2 during the Late Cretaceous and Paleogene, when pCO 2 is thought to have been high, but few data are available at elevated pCO 2 to constrain the calibration, and SI of G. biloba grown at high pCO 2 is highly variable. Experimental work shows that the G. biloba response to elevated pCO 2 doesn't begin to asymptote until 24 months (Overdieck and Strassemeyer, 2005) , which may explain the high SI variance in the specimens of Haworth et al. (2013) . An incomplete anatomical adjustment to high pCO 2 may also be suggested by the high proportion of deformed stomata and guard cells we observed in Haworth et al.'s plants. It is clear that more and better experimental data are needed to define the shape of the SI response curve for G. biloba at pCO 2 greater than 430 ppm.
We have not included chamber-grown plants in the SI response curve presented here because we were unable to restudy samples from Beerling et al. (1998) and Royer et al. (2001) , and because we observed abnormal stomata and high variance in SI among the leaves grown under elevated pCO 2 by Haworth et al. (2013) . However, if we extrapolate the power curve developed from our data on herbarium sheets and living plants to pCO 2 levels beyond 430 ppm, the curve passes near the SI values that Royer et al. (2001) reported for plants grown at 445 ppm, 550 ppm, and 800 ppm pCO 2 (Fig. 3) . Although better definition of the G. biloba response curve at pCO 2 above 430 ppm awaits new data, it is worth exploring the effect of our response curve on previous estimates of pCO 2 for the Late Cretaceous and Cenozoic.
Effect of the new Ginkgo biloba calibration on paleo-pCO 2 estimates
We recalculated paleo-pCO 2 estimates for the Late Cretaceous and Cenozoic, compiling all published estimates of pCO 2 based upon specimens originally identified as G. adiantoides (Table 4) . These are mostly from North America, with a few specimens from China and Europe providing greater temporal coverage. We used the originally reported SI values from fossils and the power regression that best fits our dataset [pCO 2 = 9920.9(SI) −1.484 ] to make new estimates of paleo-pCO 2 (filled circles in Fig. 7) . We did not The shallower slope of our new regression has the effect of reducing some pCO 2 estimates (n = 25) and elevating others (n = 16; CO 2 in Table 4 ). Some of the new estimates of pCO 2 from the Table 4 Revised estimates of paleo-pCO 2 using the power curve regression presented in this paper. Stomatal index counts and sample ages of Ginkgo adiantoides leaves are from the cited source and were not reevaluated. new calibration are surprisingly low, including one from the early Paleocene (227 ppm) and ten from the late Paleocene (169-243 ppm). There is evidence for high global temperatures and an absence of continental glaciers during these intervals (Fig. 7) . Another unexpectedly low estimate (114 ppm) comes from the Miocene of Germany (Kürschner et al., 2008) . This sample coincides with the Mi 3/4 transition and expansion of the East Antarctic ice sheet, but the estimate is below the ∼180 ppm value typical of maximum glacial advance in the Quaternary (Siegenthaler et al., 2005) . The new calibration increases 16 estimates of pCO 2 by an average of 87 ppm. Some of these now fit better with other proxy data from the Cenozoic (Beerling and Royer, 2011) . The new calibration also permits pCO 2 estimates for SI values that fell below the earlier response curve and therefore had undefined pCO 2 . The early Eocene Falkland site (Smith et al., 2010 ) now provides a paleo-pCO 2 estimate of 843 ppm, fitting for its position in the Early Eocene Climate Optimum, one of the warmest intervals of the Cenozoic (Hansen et al., 2013) .
The effect of fossil preservation on paleo-pCO 2 estimates
High pCO 2 estimates published by Retallack (2001) decrease significantly with the new response curve, but they remain among the highest estimates for the Cenozoic when we apply our new calibration curve ( Fig. 7; Table 4 ). For these two samples we reinvestigated the original images and specimens from which SI values were obtained. Retallack (2001) counted an image of G. wyomingensis (synonymous with G. adiantoides) cuticle from Manum (1966;  Fig. S4 ), making a pCO 2 estimate of 4510 ppm at 64Ma based upon an SI of 4.1 ± 0.2 (from 517 cells and 23 stomata). Re-examining an original reprint of Manum's paper, we found it difficult to properly identify stomata, and impossible to discern epidermal cell boundaries (Fig. S4) . As a further check, we examined the specimen figured by Manum (Yale Peabody Museum 45127), the type of G. wyomingensis. Stomata were clearly visible on the separated lower surface, and in some areas epidermal cells could be differentiated, but never over an area large enough to provide even one stomatal index count (×400; 250 × 250 μm box). The second highest pCO 2 estimate for the Paleogene (1350 ppm at 63 Ma (Table 4) . Global temperature curve from Hansen et al. (2013) .
from an SI of 6.7 ± 0.4; 723 cells and 50 stomata reported by Retallack, 2001 ) was derived from a sample figured by Fig. S5) . In this figure, cell boundaries are well defined but stomata are small and indistinct on the ×50 image. Because neither sample provides sufficient detail to make an accurate SI counts we reject these two paleo-pCO 2 estimates.
More generally, we suspect that poor cuticle preservation reduces the quality of many paleo-pCO 2 estimates. We re-examined 19 specimens of G. adiantoides from five previously reported Paleogene localities , using only the specimens with the best preservation. Four of our new SI counts were lower than the originals (Tables S4-S5 ), but for one site the new counts were higher. SI counts probably differ between observers because most fossils from these localities are only moderately well preserved, making the recognition of cell boundaries difficult. Using both the new SI counts for these fossils and the revised response curve increased paleo-pCO 2 estimates by an average of 54 ppm (filled triangles in Fig. 7) .
Even though we have improved the SI-pCO 2 response curve for G. biloba and the SI counts on some fossil G. adiantoides, this does not uniformly elevate paleo-pCO 2 estimates for the Late Cretaceous and Cenozoic. Also, because the SI values of re-examined fossil specimens are not predictably different, it is not possible to apply an offset to remedy all paleo-pCO 2 estimates. The overall pattern of change in paleo-pCO 2 through the last 80 million years shows limited correspondence with changes in temperature. It is especially surprising that paleo-pCO 2 estimates for the greenhouse world of the early Cenozoic are not consistently higher than those for the icehouse world of the late Cenozoic. A rigorous re-evaluation of the quality of the SI counts is required to fully understand the discrepancy between the modest pCO 2 estimates from SI and the high pCO 2 needed to produce greenhouse temperatures in many climate models (Lunt et al., 2012) . New global climate models that utilize lower levels of cloud condensation nuclei may provide a partial solution, as they are the best at matching the shallow latitudinal temperature gradients suggested by proxy data during greenhouse intervals (Sagoo et al., 2013; Upchurch et al., 2015) , yet require only modest levels of pCO 2 , more consistent with our revised SI-based paleo-pCO 2 estimates.
Conclusions
Earlier studies of SI in G. biloba did not prepare and count stomata in a consistent manner, nor were stomatal and epidermal cell counts fully documented. We do not consider previously published SI response curves to be reliable and recommend they no longer be used to reconstruct paleo-pCO 2 . A new SI response curve for G. biloba developed from plants that grew between 290-430 ppm pCO 2 shows a statistically significant negative relationship with a much shallower slope than previous response curves, and is less strongly curved. Testing of the recently developed total diffusivity model for CO 2 shows that it performs less well in predicting pCO 2 for G. biloba than SI methods.
Stomatal response of G. biloba to pCO 2 levels above 430 ppm is still poorly constrained. Specimens from a previous growth chamber experiment show malformed stomata, suggesting incomplete phenotypic adaptation to elevated pCO 2 . No consistent relationship is seen between SI and pCO 2 in high CO 2 experimental plants, therefore estimates of paleo-pCO 2 higher than 430 ppm should be regarded with caution.
Estimates of Cretaceous and Cenozoic pCO 2 derived by applying the new Ginkgo SI response curve to fossil leaves of G. adiantoides show a limited correlation between reconstructed paleo-pCO 2 values and global temperature estimates during the last 80 Ma. Further, our paleo-pCO 2 estimates for the late Cretaceous and Paleogene remain lower than most climate models require to produce globally warm climate. This suggests that either the estimates of paleo-pCO 2 are still faulty, global surface paleotemperature estimates are problematic, and/or that the relation between global temperature and atmospheric concentration of pCO 2 over geological time is not what we expect. We think estimates of paleo-pCO 2 from Ginkgo SI can be improved by new studies of G. biloba grown in elevated pCO 2 longer than two years, by higher quality counts of fossil Ginkgo, and by improved models of stomatal function.
